We evaluated the skull of an ancient giant deer with a deformity of one antler. The skull was found in the 1930s in the San River near Barycz, in southeastern Poland. Its dating (39,800±1000 yr BP) corresponds to MIS-3, when the giant deer was widespread in Europe. Our diagnostics for the antler included gross morphology, radiography, computed tomography, and histopathology. We noted signs of fracture healing of the affected antler, including disordered arrangement of lamellae, absence of osteons, and numerous Volkmann's canals remaining after blood vessel loss. The antler deformity appears to be of traumatic origin, with a healing component. No similar evaluation process has been described previously for this species.
INTRODUCTION
The giant deer (Megaloceros giganteus Blumenbach 1799) was widespread in Pleistocene Eurasia (Stuart et al., 2004; Van der Made, 2006; Pushkina, 2007; Van der Made and Tong, 2008; Shpansky, 2011; Vislobokova, 2011 Vislobokova, , 2012 . Giant deer antlers are robust, palmate, and extend laterally ( Van der Made and Tong, 2008; Stuart et al., 2004) , often spanning 3.5 m or more and weighing up to 45 kg (Lister, 1994) . The roles of such large antlers have been discussed (Barnosky, 1985; Stuart et al., 2004; Benton and Harper, 2009) . Antlers in cervids, including giant deer, are used for display and for combat between males seeking to establish territories (Barnosky, 1985; Benton and Harper, 2009) , and are also employed when males compete for dominance and access to females in the rut (e.g., Lincoln, 1992) . 2 The seminal study of the antlers of giant deer, specifically concerning their positive allometry, was performed by Gould (1974) . Based on the measurements of 79 skulls and antlers, he showed that giant deer have about the predicted antler size for their body size, in contrast with other cervids, such as moose and fallow deer (which have, respectively, smaller and larger antlers than expected). Stuart et al. (2004) indicate that it is likely that the huge antlers would have excluded giant deer males from even moderately dense woodland, at least for part of the year.
Morphological (Breda, 2005) , paleoecological (Van der Made and Tong, 2008; Chritz et al., 2009) , paleobiogeographical (Stuart et al., 2004) , evolutionary (Vislobokova, 2012) , and phylogenetic (Lister et al., 2005; Hughes et al., 2006; Van der Made and Tong, 2008) studies, among others, of giant deer have been published. However, morphological reports have not included the histological detail of normal and pathological antler tissue. Antlers are very tough structures that are able to absorb repeated severe impacts with low likelihood of antler fracture (Currey, 2002) .
Here, we report evaluation of a misshapen right antler from a giant deer. This rare finding offers a unique opportunity for detailed study of the healing of fractured antlers of ancient animals, using morphological observations, radiography, computed tomography, and histology.
MATERIALS AND METHODS
The skull of this giant deer was found in the 1930s in the San River near Barycz (49 o 49'N, 22 o 03'E) (Niezabitowski, 1935) (Figure 1.1) . Presently, it is curated in the collections of the Institute of Geology, Adam Mickiewicz University, Poznań, Poland (IG-Br.12F1).
The skull was described initially by Niezabitowski (1935) who gave a detailed description of its morphology, antler deformity, and measurements. However, his investigations were limited by the research methods available at the time. For example, the observed antler deformity was described without the use of any method such as radiography. For the same reason, a revision of the measurements of the skull using modern methods was made by one of us (KP) and has been described by Croitor et al. (2014) , with the conclusion that the skull morphometry corresponds to that of larger specimens from Ireland according to Lister (1994) .
The Niezabitowski (1935) study also lacked a taphonomic analysis. Two hypotheses were given by the author: (i) the flexion of the antler is most likely the result of being hit by the paw of a predator, and (ii) the deer was killed by a predator attack that has left marks in the form of cavities within the occipital part of the skull. Both hypotheses are discussed here in the light of the results of paleopathological and taphonomic research.
The phylogenetic position of the giant deer, based on mtDNA sequences (Lister et al., 2005; Hughes et al., 2006) , is closest to extant Dama species. Since the giant deer is extinct, we based our comparative evaluation on the antler development of extant cervids, especially Dama dama.
Craniofacial (norma frontalis) digital radiographs were made, with focus-object distance 1 m, 85 kV and 30 mAs (using a GE Silhouette VR X-ray device, USA/China). Computed tomography (CT) was performed in frontal and lateral (Figure 1 .2) planes, scanning the object every 6 mm, 130 kV, 30 mAs (using a Siemens Tomaton Emotion 6 Xray device). Radiographs and CT were performed at the Department of General and Clinical Anatomy, Pomeranian Medical University, Szczecin, Poland.
Ground sections of antler were obtained for examination by light microscopy, in white and polarized light (Nikon Eclipse, 80i with lens Nikon Plan Fluor 10x/0.30, Japan, at the Department of Anthropology, Wroclaw University of Environmental and Life Sciences). Based on radiographic images, three antler foci were selected for histological analysis: (a) a radiographically normal site ( (2003), with the modifications of de Boer et al. (2013) . Unstained slides (a crosssection of the antler, 20-30 μm in thickness) were examined histologically using light microscopy. Photos were taken with a camera (Canon Eos 50D, 4752×3168 dpi) mounted on the microscope.
RESULTS AND DISCUSSION
The giant deer appeared about 0.4 Myr ago (Lister, 1994) and survived till around 6900 radio- carbon yr BP (about 7,700 yr ago) in western Siberia (Stuart et al., 2004) . In Poland, giant deer remains have been found mainly in the south (Kowalski, 1958; Stefaniak et al., 2009) , and more recently in the central part of the country (Pawłowska, unpublished data) . Niezabitowski (1935) mentioned that the skull was found in Barycz, near the banks of the river San, but gave no details of dating. The obtained radiocarbon date for the healthy antler fragment (uncalibrated date of 39,800 ± 1000 yr BP, laboratory #Poz-52083, Poznan Radiocarbon Laboratory, Poznań, Poland) corresponds to MIS-3, when the giant deer was very common in the higher and middle latitudes of Europe.
Cervids are the only animals possessing antlers, which are entirely bony structures (after velvet shedding). They should thus not be confused with horns, which are found only in bovids and are composed of a scabbard-like keratinous sheath covering a permanent bony horn core (Davis et al., 2011) . The specimen from Barycz came from an adult individual with incomplete fusion of cranial sutures.
The presence of antlers indicates that the individual was male. Antlers develop only in the male (Geist, 1998) , with the exception of reindeer (Rangifer tarandus), in which both sexes may have antlers, and pathological cases in cervids such as hermaphroditism (Jaczewski, 1992) 1 . The fully developed burr in the skull from Barycz indicates fully grown antlers that are present only in the autumn and winter, based on knowledge of antler cycles in the fallow deer, Dama dama (Barnosky, 1985) . Thus, the individual probably died prior to annual shedding of the antlers (Lister, 1994) .
The specimen is incomplete, with preserved fragments including damaged occipital bone, fragments of right and left temporal, parietal, lacrimal, and sphenoidal bones, and frontal bone with basal parts of antlers (Figure 1.1) . The preserved left antler fragment is 110 mm long, and consists of burr, incomplete brow tine, and a portion of the main beam. The right antler features a downward bend in its main beam of 110 o at a distance of about 150 mm from the burr (Figure 1.1) . A bony outgrowth of 66.4 mm × 38.8 mm (anterioposterior × mediolateral) and of maximum depth 13.8 mm, is concave and visible just above the brow tine, in the posterior part of the bend (Figure 1.2) . Inside this structure, gravel is preserved, supporting our conclusion (below) about the specimen's movement within the sandy-gravel fraction. No part of the antler is preserved distal to about 140 mm from the bend.
Radiography of the antler cross-section shows an area (1 x 2 cm) of higher-density tissue in the more ventral part of the antler, at the bend, reaching to half of its diameter (Figure 2 .1, arrow 1). Above this feature, the structure of the cancellous core of antler is normal (Figure 2.1, arrow 2) . A narrow area (3 cm long and 0.5 cm thick) on the opposite margin of the antler shows a focus of increased tissue density (Figure 2 .1, arrow 3). CT scan of the antler cross-section at its bend reveals two foci of different tissue density within a cancellous core; the more ventral focus has greater density (Figure 2 .2, arrow 1), while the more dorsal focus suggests normal antler structure (Figure 2 .2, arrow 2).
Radiography and CT reveal the foci with abnormal tissue density in the more ventral focus. A further interpretation of this structure was based on histological studies (see below). The more dorsal focus is normal tissue; the boundary between the two areas resulting from the fracture is distinct. This means the two foci are next to each other, within one section, and there is no transitory zone. The remaining parts of the antler appear to be normal.
Histological evaluation of antler structure, development, and pathology has been focused on extant cervids, including sika deer (Cervus nippon) (Gao et al., 2010) and fallow deer (Dama dama) (Kierdorf et al., 2004) . Similar information on antler histology of extinct cervids is scanty (Paral et al., 2007) . Our histological examination of the focus having a normal radiological shadow (Figure 2 .1, asterisk) reveals the expected features of orderly arrangement of osteons of similar diameter, and well-developed Haversian systems (compact bone tissue, Figures 3.1, 3. 2). The osteons are clearly primary osteons that filled in vascular spaces within a trabecular framework, corresponding to that described for the compact antler tissue of the red deer (Cervus elaphus) (Gomez et al., 2013) .
The pathological focus, with higher radiodensity (Figure 2.1, cross) , reveals disorganized primary bone, prior to osteoclast-mediated remodeling. No osteons are visible, lamellar bone 1.
(It is worth noting, that, apart from antlers, sex in cervids may be morphologically determined on the basis of the pelvis (in the elk or moose Alces alces, by the angle created by the ischiatic arch (Duetsch and Peterson, 2012) ; in Odocoileus virginianus, the white-tailed deer, and Odocoileus hemionus columbianus, the black-tailed deer, of two or more years of age, by the presence or absence of the pelvic suspensory tuberosity (Taber, 1956) ; in white-tailed deer of 1.5 years old, by the position of the iliopectineal eminences (Edwards et al., 1982) ).) is disorganized, and numerous blood vessels are seen (Figures 3.3-4) . This also is true for the examined tissue from the bony outgrowth. These observations are consistent with a fracture healing process and callus formation (Grupe and Peters, 2006) .
A previous histological study of hard antlers in extant cervids revealed living bone with regions presenting living osteocytes, active osteoblasts, osteoid seams, and even early stages of trabecular microcallus formation, thus indicating continuous bone remodeling (Rolf and Enderle, 1999) . In a more recent study, however, there is clear evidence that, following velvet shedding, no further mineralization occurs within the antler bone and the antler dies due to ischemic necrosis (Gomez et al., 2013) . Hence, in the case of the specimen from Barycz, the observed remodeling process is related to the healing of a fractured velvet antler.
Many factors can cause or affect the expression of antler abnormalities, including genetics, age, nutrition, injury, hormones, and disease (Heffelfinger, 2006) . In this study, results indicate that the reason for the antler malformation was mechanical damage on the underside of the antler, causing tissue discontinuity that encompassed half of the antler thickness. As a result of impact, the antler was first displaced upward, and then the fractured part shifted downward under gravity and became fixed in this position, due to the formation of a fracture callus. The fracture of the velvet antler did not lead to the loss of the distal fragment, because it was apparently held by the skin and periosteum.
There are known cases of fractured antler that has lost the distal fractured fragment-for example, a red deer specimen from Croatia, in which the fracture resulted from the impaired mechanical stability of the antler caused by an inflammation resulting from an injury to the velvet antler . By contrast, fractured antlers without damaged velvet are usually associated with the formation of the antler so-called Blasengeweih, not observed here, as a result of hemorrhage or abscess, later overgrown by tissue and ossified (Bubenik, 1966; Jaczewski, 1992) .
The hypothesis of Niezabitowski that the flexion of the antler is most likely the result of impact from the paw of a predator cannot be verified, because claw marks are unlikely to remain on the velvet antler. This finding is rare, taking into consideration the Pleistocene age of the skull cap. However, the abnormality of the antler in cervids is not uncommon (Goss, 1983) , and examples of similar antler malformation have been given by Bubenik (1966) , Jaczewski (1992) , and others.
The visible phases of osseous substance formation and callus reabsorption that we observed could take place only when the animal was alive. These observations suggest a healing process of approximately 2-3 months, since antler tissue regeneration progresses more rapidly than other bone tissue regeneration (Kierdorf et al., 2004; Li, 2012) . Consequently, the death of the animal appears to have occurred during antler healing, or may have occurred following velvet shedding from the healed antler, but prior to antler shedding.
Mineralogical analysis of giant deer antler, and especially the orientation of hydroxyapatite crystals, suggests that bulls used their antlers not only for display, but also for dominance fighting during the rut (Moen et al., 1999) . Thus, the fracture probably had an effect on the bull's hierarchical position, negatively impacting its reproductive position in the herd. Further, competitive disadvantage could have resulted in deterioration of the animal's physical condition, secondary to foraging consequences of reduced social position.
The application of taphonomical analysis provides the possibility of reconstructing the environmental conditions under which the skeleton or bone complex was preserved, as well as the depositional history of the bones (post-consumption remnants, flood remains, and accumulation of bones by predators) (Pawłowska, 2010) . In the case of the skull cap from Barycz, the described damage and deficiencies are, in most cases, predepositional, thus allowing them to be interpreted in relation to the depositional context. Both the burr and the brow tine of the left and right antler have rounded and shiny edges. Also, in some places, the surface is shiny and exhibits small rounded indentations. All of these features are characteristic of the movement of the bone in water with a gravel or sand sediment ; with further references), which is also corroborated by the gravel present inside the boney outgrowth. In conclusion, the specimen should be considered as being in a secondary, rather than a primary, context.
Furthermore, the taphonomic analysis showed no traces of predator-caused modifications (such as gnawing or scratches), in contrast to earlier suggestions (Niezabitowski, 1935 ) that a predator attack was the direct cause of death of the animal on the basis of marks left in the form of two triangular cavities within the occipital part of the skull. These cavities are indeed predepositional, but their rounded edges again suggest damage during water movement, and are thus associated with the depositional history of the specimen. In spite of this, the possibility that the deer was killed by a predator, but that the attack left no traces on the recovered element, should be taken into account.
